Somatic embryos of carob (Ceratonia siliqua L.) were induced from cotyledonary segments excised from immature seeds when cultured on Murashige and Skoog media supplemented with several combinations of 6-benzylaminopurine (BA) and indole-3-butyric acid (IBA). The best frequencies of induction (33.8%) were obtained when 4.4 mM BA and 0.5 mM IBA were used. Shoots were also sporadically formed in the same media. When IBA was replaced by other auxins in the induction media, only a-naphthaleneacetic acid (NAA) and indole-3-acetic acid (IAA) could induce somatic embryogenesis, although at lower rates than IBA. 2,4-Dichlorophenoxyacetic acid and 4-amino-3,5,6-trichloropicolinic acid were completely ineffective. Besides culture media composition, the developmental stage of the explants at the time of culture showed a strong influence on somatic embryogenesis induction, with cotyledons from stage II pods providing the highest levels of induction. By contrast, the genotype of the explant did not determine a significant role in the induction process. Attempts to achieve somatic embryo germination were mostly unsuccessful, since only shoot development was observed; the highest frequencies of development occurred on media containing only gibberellic acid (3.0 mM). For plant regeneration, the developed shoots were further rooted on IBA-supplemented media, and the plantlets obtained were transferred to soil, where c. 88% of them survived. Histological observations showed the presence of morphologically normal and abnormal somatic embryos, the latter displaying an abnormal pattern of vascular bundles. Ultrastructural analysis showed that the cells of the globular embryos had a dense cytoplasm, whereas those not involved in somatic embryo formation showed signs of senescence. Histological studies were also used to distinguish between somatic embryos and shoots originated in the same media.
Introduction
Ceratonia siliqua L. is a leguminous tree that grows spontaneously in some regions of Portugal (most notably the Algarve region) and in several other countries around the Mediterranean basin (Batlle and Tous, 1997) . According to Batlle and Tous (1997) , carob is one of the most interesting Mediterranean trees. From an ecological point of view, carob, like other leguminous trees, can be used for rehabilitation of marginal lands, due to its resistance to drought and salt tolerance (Lakshmi Sita, 1999) . Currently, seed production is the main interest of carob growers. The endosperm of carob seeds produces a gum (carob beam gum) rich in galactomannans, which is used as a food additive (Batista, 1994) . The pod has been traditionally used as a food stuff for humans and animals. A large number of carob cultivars have been reported around the world. In Portugal, the most frequent are Aida, Canela, Galhosa, and Mulata, which are appreciated for their high seed content (10-12% of pod weight) and round kernels, well suited for gum extraction (Batlle and Tous, 1997) . Portugal is one of the main producers of this gum (3600 ton yr 21 ), ranking fourth in the world after Spain, Italy, and Morocco.
Carob may be propagated through seeds or vegetatively. Seeds show good germination rates only after scarification. Furthermore, multiplication of seeds in dioecious species, does not ensure either the sex or the genetic characteristics of the cultivars. Propagation by cuttings is problematic because rooting is difficult (Lee et al., 1977) . In this context, in vitro techniques offer an alternative to carob propagation (Romano et al., 2002) . Micropropagation of carob through axillary meristem proliferation has been reported by several researchers (Sebastian and McComb, 1986; Romano et al., 2002) . During the past two decades, somatic embryogenesis has been achieved in many leguminous trees, reviewed by Parrott et al. (1995) , Lakshmi Sita (1999) , and Trigiano et al. (1999) . To our knowledge, the only report of somatic embryogenesis induction in carob is that of Carimi et al. (1997) . These authors obtained low frequencies (4%) of embryogenesis induction from fertilized ovules in Murashige and Skoog (MS) medium supplemented with 0.45 mM 2,4-dichlorophenoxyacetic acid (2,4-D), but no histological account of somatic embryo differentiation was given. According to Dunstan et al. (1995) , histological information must be presented to confirm that the structures produced were in fact somatic embryos. This study reports the induction of somatic embryogenesis in carob as well as histological and ultrastructural analyses of the obtained somatic embryos.
Materials and Methods
Plant material. Seeds from open pollinated, field-grown, female trees of the cultivars Aida, Mulata, and Galhosa and of two unknown genotypes (namely BG and NC) were isolated from pods in three different stages of development, according to the classification of Ilahi and Vardar (1976) . Paternal plants of unknown genotype were used as pollen donors. Stage I included green pods ranging from 2.5 to 3.5 cm long, containing immature seeds (0.1-0.2 cm long). Stage II comprised green pods ranging from 8 to 13 cm long, containing green immature seeds (0.4-0.7 cm). Finally, stage III consisted of dark-brown pods ranging from 15 to 21 cm long, containing mature brown seeds (0.7-0.9 cm).
Explant sterilization and culture conditions. Stages II and III pods were rinsed under running tap water and further sterilized by a 15-min immersion in 30% (v/v) commercial bleach. Seeds isolated from these pods and stage I pods were sterilized in a 7.5% (w/v) calcium hypochlorite solution (10 min) followed by repeated washes in sterile double-distilled water. Whole embryos (stage I) or cotyledon segments (stages II and III) were cultured in test tubes (closed with cotton plugs) containing 15 ml MS (Murashige and Skoog, 1962) basal medium supplemented with indole-3-butyric acid (IBA; 0.5, 1.25, 2.5, or 5.0 mM), 6-benzylaminopurine (BA; 2.2 or 4.4 mM), or combinations of these two plant growth regulators (PGRs). Cotyledons were excised from seeds, the endosperm and embryo axis removed, and each cotyledon transversely segmented into two (stage II) or four (stage III) segments (2-3 mm length). The explants were placed with the abaxial surface in contact with the culture medium. Other auxins, such as indole-3-acetic acid (IAA), a-naphthaleneacetic acid (NAA), picloram (4-amino-3,5,6-trichloropicolinic acid), and 2,4-D were also tested (0.5 and 2.5 mM) in combination with BA (2.2 or 4.4 mM). Dithioerythreitol (35.0 mM) and sucrose (0.07 mM) were added to all induction media. Media were gelled by adding 0.75% (w/v) agar (Merck) and the pH was adjusted to 5.8 with KOH before autoclaving at 1218C for 20 min. Cultures were kept in the dark at 25^18C. Two immature zygotic embryos (stage I) or two cotyledon segments (stages II and III) were used per test tube. Each treatment consisted of three replicates of 20-30 zygotic embryos or cotyledon segments and the results were taken after 12 wk of culture.
For somatic embryo germination, somatic embryos at the cotyledonary stage were transferred to plain MS basal medium with the major inorganic nutrients at half strength (half-strength MS) and 0.07 M sucrose, or to the same medium supplemented with gibberellic acid (GA 3 ; 0.3, 1.5, and 3.0 mM) alone or in combination with BA (0.44 or 1.1 mM) and submitted to a 14 h daily illumination regime of 15-20 mmol m 22 s 21 photosynthetically active radiation provided by cool-white fluorescent lamps. In some cases, partially converted somatic embryos showing shoot development, were induced to root on a half-strength MS medium containing 5.0, 10.0, or 15.0 mM IBA, for 2 wk, and then transferred to the same basal medium devoid of IBA to promote root development. Rooted plantlets were transferred to pots containing a mixture of soil:sand:vermiculite (1:1:1) and covered with a transparent plastic to maintain a high humidity environment. Air humidity was gradually reduced by raising the plastic covers.
Histological and ultrastructural studies. Samples of embryogenic cotyledons or intact somatic embryos were fixed for 2 h, in a 2.5% (w/w) glutaraldehyde solution prepared with 0.1 M phosphate buffer (pH 7.0) and post-fixed at room temperature for 1 h in 1% (w/v) osmium tetroxide solution prepared with the same buffer. Samples were thoroughly dehydrated in an ethanol series [20, 40, 60, 80, 95, and 100% (v/v) ] and embedded in Spurr's resin. Sections (1 -2 mm) were made with glass knives on an LKB Ultratome III and stained with 0.2% (w/v) toluidine blue. In some cases, the samples were fixed in a formalin aceto-alcohol solution [5:5:90 (v/v) ], embedded in paraffin wax and the sections (10-12 mm) were stained by the safraninelight method, as described by Cruz et al. (1990) .
Material for transmission electron microscopy observations followed the fixation procedure adopted for histological studies. Ultrathin sections were made on an LKB ultramicrotome using a diamond knife, and collected on uncoated copper grids. Sections were conventionally contrasted with uranyl acetate and lead citrate, respectively, for 15 and 10 min and observed under a Siemens Elmiskop-101 transmission electron microscope at 80 kV.
Statistical analysis. For statistical analysis, all quantitative data expressed as percentages were first submitted to arcsine transformation and the means corrected for bias before a new conversion of the means and standard error back into percentages (Zar, 1996) . Statistical analysis was performed by ANOVA (Statgraphics 7.0) and significantly different means were identified using Tukey's test (P ¼ 0.05).
Results
Somatic embryogenesis induction. In a first set of experiments, cotyledonary segments from stage II pods of the cultivar Aida were cultured on media containing BA, IBA, or combinations of these growth regulators. The results showed that BA or IBA used alone were unable to support somatic embryogenesis induction and the same was found when no growth regulators were used. Only on media containing both BA and IBA could somatic embryogenesis be induced (Table 1 ). The highest frequencies of induction (33.8%) were obtained when IBA was used at lower concentrations (0.5 mM) in combination with 4.4 mM BA. However, this result did not differ significantly (P $ 0.05) from the data obtained on media containing 2.2 mM BA and 0.5 mM IBA or 4.44 mM BA and 1.25 mM IBA (Table 1) . Independent of the concentrations of BA used (2.2 or 4.4 mM), the presence of higher IBA concentrations significantly (P , 0.05) decreased the frequencies of induction. This was particularly clear when 5.0 mM IBA was tested.
Green somatic embryos were generally produced at the cut ends of the cotyledonary segments following a period of callus growth (Fig. 1A) . Globular somatic embryos (Fig. 1B) were first seen at by week 5 of culture. These embryos passed through each of the typical developmental stages resembling their zygotic counterparts: heartshaped (Fig. 1C) , torpedo (Fig. 1D) , and cotyledonary (Fig. 1E) . During their development, carob somatic embryos progressively accumulated chlorophyll pigments and appeared light green at the cotyledonary stage (Fig. 1E) . Among the generated somatic embryos, morphological abnormalities were often found, such as fused cotyledons in a cup-like structure (Fig. 1F) or absence of (Fig. 1G) . In some media, particularly when a combination of 4.4 mM BA and 5.0 mM IBA was used, shoot formation was also reported (Fig. 1H) . In their initial phases of development, shoots and somatic embryos were quite difficult to distinguish. Although no systematic record of its occurrence was taken, the number of somatic embryos ranged from only a couple to more than 50, independent of the combinations of BA and IBA tested. Somatic embryo development was asynchronous and some of the embryos produced secondary embryos.
When IBA was substituted by other auxins and BA was used at 2.2 or 4.4 mM, it was found that only NAA and IAA were able to support somatic embryo formation, although at significantly (P , 0.05) lower levels than any of the IBA concentrations analyzed (Table 2) . Moreover, the number of somatic embryos formed on NAA-or IAA-supplemented media never reached more than five embryos per inoculated explant, and in some cases only one embryo was formed.
Once it was established that a medium containing 4.4 mM BA and 0.5 mM IBA was the most suitable for somatic embryogenesis induction, this combination of PGRs was used to evaluate the role of genotype and explant development on somatic embryo formation. In the first case, it was observed that from the various genotypes tested, BG gave the best frequencies of induction (c. 33%), although no statistical differences (P . 0.05) were detected among the genotypes tested.
On the other hand, the status of explant development at the time of culture initiation strongly influenced somatic embryo differentiation. Thus, it was found that only stage II cotyledonary segments were able to undergo extensive somatic embryo differentiation (data not shown). Attempts to induce somatic embryogenesis in stage I 
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explants were completely ineffective, since most of them died after 2 -3 wk of culture. Cotyledons from stage III pods (mature seeds) could be induced only sporadically to produce somatic embryos, although they had undergone extensive dedifferentiation and nonmorphogenic callus production.
Somatic embryo germination and plant conversion. Somatic embryos of carob were unable to germinate on the induction media. To achieve somatic embryo germination, cotyledonary stage embryos were removed from the callus and transferred to the germination media. In some cases, somatic embryos were placed on the germination media attached to the mother explant. The results showed that normal germination, with simultaneous shoot and root development ( Fig. 2A) , occurred only sporadically. In most of the embryos, only shoots (Fig. 2B) were formed, and less commonly, only roots developed (Fig. 2C) . The development of secondary embryos was also observed (Fig. 2D) . Table 3 shows the effect of different culture media on shoot development from somatic embryos. Media without PGRs or containing only BA did not support somatic embryo germination (shoot development). Best results (29.4% of embryos showing shoot development) were obtained when GA 3 (3.0 mM) was used as the sole PGR (Table 3) . On media containing only GA 3 , the frequency of somatic embryos showing shoot development was significantly (P , 0.05) enhanced when the concentration of this PGR was increased from 0.3 to 3.0 mM. The inclusion of BA in the germination media (0.44 and 1.11 mM) with 3.0 mM GA 3 reduced the response, but the results did not differ significantly from those obtained with GA 3 alone.
To obtain fully grown plants from the partially converted embryos, shoots (Fig. 2E) were transferred to rooting media containing IBA. The highest frequencies (P , 0.05; data not shown) of rooted shoots were obtained on media containing 15.0 mM IBA, with c. 93% of the shoots producing one or more roots (Fig. 2F) . From 57 plantlets that were acclimated, c. 88% of them survived after a period of 3 mo. in the greenhouse (Fig. 2G) .
Histological and ultrastructural studies. Histological analysis of the embryogenic explants showed that globular structures were already formed in the cultured cotyledons 3 wk after inoculation (Fig. 3A) . In some of these structures, a clearly defined protoderm (Fig. 3B) was detected, confirming the embryogenic nature of the globular formations. Longitudinal sections of the morphologically normal somatic embryos showed that they possessed an independent vascular system, opposite to shoot and root poles, and had no connection with the mother tissues (Fig. 3C ). Histological analysis also revealed the existence of malformations among the somatic embryos, including fused somatic embryos showing a disturbed pattern of vascular bundles (Fig. 3D) . Cells of the globular structures (Fig. 3A) were often seen in mitosis (Fig. 3E ). They possessed a large nucleus and a prominent nucleolus as well as a dense cytoplasm containing many plastids with starch grains (Fig. 3F) . On the other hand, vacuolated cells surrounding the globular structures and not involved in somatic embryo formation, showed signs of senescence, possessing a highly condensed nucleus, large vacuoles, and a reduced number of cytoplasmic organelles (Fig. 3G) . Standard errors of means are indicated. Values followed by the same letter are not significantly different by Tukey's test (P , 0.05).
SOMATIC EMBRYOGENESIS IN CAROB
Histological and ultrastructural studies were also carried out to distinguish between shoots and somatic embryos arising simultaneously in the same explant. The data indicated that cotyledonary cells of the somatic embryos were highly vacuolated, possessed incipient vascular bundles (Fig. 3H) , and electronodense compounds, probably of phenolic origin, accumulated in the vacuoles (Fig. 3I ). Plastids and other organelles were poorly differentiated. By contrast, shoot leaves (Fig. 3J) had two distinct epidermal layers with stomata, palisade parenchyma on the upper adaxial surfaces, well-developed vascular bundles, and mesophyll cells with many plastids (Fig. 3K) .
Discussion
From the results presented in this study, it can be concluded that the culture media composition and the developmental stage of the explant at the time of culture are the main factors controlling somatic embryogenesis induction in carob. In most of the woody plants in which somatic embryogenesis has been achieved, 2,4-D is normally the auxin responsible for the induction process (Dunstan et al., 1995; Kendurkar et al., 1995) and the same is true for fabaceous trees (Han and Park, 1999; Trigiano et al., 1999) . In a previous study carried out with fertilized ovules of carob, Carimi et al. (1997) also showed that somatic embryo formation can be induced by 2,4-D. However, in our experiments, 2,4-D is completely inefficient for somatic embryogenesis induction. Similar results were obtained when picloram, another auxin often used for somatic embryogenesis induction (Canhoto and Cruz, 1999) , was tested. The fact that in carob, IBA was the most effective auxin for somatic embryogenesis induction should not be surprising, since other auxins besides 2,4-D have been used to induce somatic embryogenesis in other woody plants (Dunstan et al., 1995; Kendurkar et al., 1995) . Our attempts to induce somatic embryogenesis in carob were only efficient when cotyledons from stage II pods were used as explants. The experiments carried out with adult material produced only callus with no organogenic or embryogenic potential (data not presented). In their work with carob, Carimi et al. (1997) also showed that the type of explant is crucial for somatic embryogenesis induction, which was only achieved when fertilized ovules were cultured. These results were not supported by our data, since we were unable to induce somatic embryo formation from young fertilized ovules (data not shown). Such discrepancies are probably due to the differences in culture conditions or in the genetic background of the explants. According to Trigiano et al. (1995 Trigiano et al. ( , 1999 , immature explants such as cotyledons exhibit a developmental window during which they can be induced to form somatic embryos. These authors also suggest that the accumulation of storage compounds in cells is associated with the loss of embryogenic potential. The results obtained with carob seem to corroborate this hypothesis, since mature cotyledons (stage III) had no embryogenic potential.
It has been repeatedly noted that somatic embryo induction from zygotic embryos or embryo-derived explants, as described in this paper for carob, cannot be applied to the propagation of selected trees. However, these embryogenic systems, based on embryonary explants, can be useful for genetic transformation (Dandekar, 1995) or in vitro selection experiments (Heinze and Schmidt, 1995) .
In most of the experiments carried out with leguminous trees, the role of genotype on somatic embryogenesis induction is poorly documented (Trigiano et al., 1999) . Among the different genotypes that we have analyzed in carob, no statistically significantly differences were found in the ability to form somatic embryos. However, it should be noted that in highly heterozygous explants of dioecious species, such as those used in our experiments, the analysis of the role of the genotype on a morphogenic process is difficult to establish, since the explants originating from the same tree are themselves genetically different. In addition, the male parents of the explants have not been identified. These data do not mean that cultivars with superior capabilities to undergo somatic embryogenesis could not exist but they seem to indicate that, at least in carob, culture conditions and explant type can overcome the role of genotype in displaying the embryogenic potential. 
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Somatic embryo germination and conversion into plantlets are crucial steps for the success of plant regeneration through somatic embryogenesis. The reduced levels of somatic embryo germination in a large number of woody species remain a major drawback that impairs the commercial application of this technique (Trigiano et al., 1999) . Although histological studies showed the formation of morphologically normal embryos of carob, somatic embryo germination and conversion into plantlets were also only sporadically observed. On the germination media, carob somatic embryos developed mainly shoots, whereas root formation was rarely found. Similar observations have been reported in other Fabaceae trees, such as Albizia lebbeck (Gharyal and Maheshwari, 1981) , Cercis canadensis (Distabanjong and Geneve, 1997) , and Robinia senegal (Han and Park, 1999) , thus supporting the viewpoint that meristem malformation could be responsible for the poor rates of somatic embryo germination. In these cases, plant recovery can only be achieved after shoot rooting, as reported in this study for carob. Finally, it should be noted that carob cotyledonary somatic embryos possess highly vacuolated cells, suggesting reduced levels of reserve accumulations. A similar situation was observed by Trigiano et al. (1999) in Cercis canadensis. This seems to indicate a deficient embryo maturation that can also be related to the incapability of carob somatic embryos to germinate.
A detailed study of somatic embryo ontogeny was not conducted during these experiments. However, the histological and ultrastructural data showed that cells involved in somatic embryo formation possess a dense cytoplasm, and mitotic figures were often seen, characteristics that are also common to embryogenic cells found in other species (Canhoto et al., 1996) . This type of analysis also allowed us to distinguish between the organogenic and the embryogenic structures sometimes formed simultaneously in the same explants of carob.
The results presented constitute an alternative to the protocol developed by Carimi et al. (1997) for somatic embryogenesis induction in carob from fertilized ovules. However, further studies are necessary to improve the quality of the produced embryos and to induce somatic embryogenesis from mature vegetative explants for cloning purposes.
